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Charged lepton flavor violation 
• Charged lepton flavor violation in the Standard Model is not 

detectable.

• Many new physics models could enhance the rate                                   
to detectable level. Observation of CLFV is a clear                                              
sign of new physics.
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Muon to electron conversion
• Muon stopped and captured by a nucleus.

• Signal to search for: mono-energetic electron 
(neutrinoless) with Ee= mµ−Ebinding−Erecoil.

• For Al27 target, Ee=104.96 MeV.

• Goal of Mu2e:
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µ�N � e�N

Rµe =
Γ(µ− + N(A,Z )→ e− + N(A,Z ))

Γ(µ− + N(A,Z )→ all muon captures)
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(not including the muons we make but don’t stop, another factor of ~thousand)

Harder than searching for a grain of sand 
on Santa Cruz beach 

µ�N � e�N

Rµe =
Γ(µ− + N(A,Z )→ e− + N(A,Z ))

Γ(µ− + N(A,Z )→ all muon captures)
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Mu2e experiment

4

One Cycle of the Muon Beamline 

DPF 8/16/13 Rob Kutschke, FNAL 12 

•  µ are accompanied by e, π, anti-protons … 
•  These create prompt backgrounds – wait for them to decay. 
•  Extinction = (# protons between bunches)/(protons per bunch) 

•  Require extinction of 10-10 
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Detecting 1 out of >1017 
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Figure 3.4. The electron energy spectrum for muon decay-in-orbit in aluminum. The recoiling 
nucleus results in a small tail (blown up on the right) that extends out to the conversion energy. 

Radiative muon capture on the nucleus (µ! Al ! " #  Mg) is an intrinsic source of 
high energy photons that can convert to an electron-positron pair in the stopping target or 
other surrounding material, producing an electron near the conversion electron energy.  
Photons can also convert internally. These internal and external rates, by numerical 
accident, are approximately equal for the Mu2e stopping target configuration.  Radiative 
muon capture can produce photons with an endpoint energy close to the conversion 
electron energy but shifted because of the difference in mass of the initial and final 
nuclear states.  Ideally, the stopping target is chosen so that the minimum masses of 
daughter nuclei are all at least a couple of MeV/c2 above the rest mass of the stopping 
target nucleus, in order to push the RMC photon energy below the conversion electron 
energy; for aluminum the RMC endpoint energy is 102.4 MeV, about 2.6 MeV below the 
conversion electron energy. The shape of the photon spectrum and the rate of radiative 
muon capture are not well known for medium mass nuclei and experiments have not had 
enough data to observe events near the kinematic endpoint.  The electrons that result 
from photon conversions cannot exceed the RMC kinematic endpoint for the energy of 
the radiated photon, so the planned energy resolution of the conversion peak (on the order 
of 1 MeV FWHM including energy straggling and tracking uncertainties) can render this 
background negligible.  

 
Most low-energy muon beams have large pion contaminations.  Pions can produce 

background when they are captured in the stopping target or surrounding material and 
produce a high energy photon through radiative pion capture (RPC): 

How do you measure 2×10-17 ? 

DPF 8/16/13 Rob Kutschke, FNAL 14 

No hits in detector 

Reconstructable tracks 

Some hits in detector. 
Tracks not reconstructable. Beam’s-eye view of Tracker 

Straw Tube Tracker 

DPF 8/16/13 Rob Kutschke, FNAL 13 

•  18 Stations of 2 planes each (30 degree rotation) 
–  Plane: 6 panels: 2 layers of 50 straws/layer 
–  21,600 straws, 5 mm OD, 15 µ mylar walls 

•  Custom ASIC for time division 
–  < 50 ps resolution on Δt 

•  Large hole on axis …. 

1.4m 

3 m 
Major background:

Light-weight straw tube tracker

excellent momentum resolution:
120 - 180 keV

µ 

Muon"from"decay"in"orbit:"DIO"
e"

  Electrons"from"decay"of"bound"muons"(DIO)""
  If"the"neutrinos"are"at"rest"the"eA"can"have"exactly"the"

conversion"energy"ECE=104.97"MeV"

  Recoil'tail'extends'to'conversion'energy,'with'a'rapidly'
falling'spectrum''''near'the'endpoint"

 ""A"significant'background'comes''from"Stopped"Muons"

5"F."Happacher""A""CHEF"2013"

Signal Sensitivity for 3 Year Run 

DPF 8/16/13 Rob Kutschke, FNAL 16 

Reconstructed e- Momentum 
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Role of calorimeter
• Confirm a reconstructed track is well measured.

• Capable of providing seeds for track reconstruction.

• Trigger capability.

• Particle identification.

• Requires:
✦ Good energy resolution so that there’s no significant decay-in-orbit 

background in the signal region.
✦ Good timing (<1 ns) and spatial (≤ 1 cm) resolution.
✦ Radiation hard (≃80 Gy/year).
✦ Operable in 1-T magnetic field.
✦ Efficient trigger/filter ability ~few kHz.

6
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LYSO Crystal
• LYSO (lutetium-yttrium oxyorthosilicate [Cerium doped]) crystal is 

chosen in the baseline design.
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high melting point
small X0

~small Moliere Radius

non-hygroscopic

fast

bright

radiation hard
NaI(Tl) light yield ~40000/MeVCMS Upgrade Calorimeter Task Force Meeting at CERN

Crystals for HEP Calorimeters
Crystal NaI(Tl) CsI(Tl) CsI BaF2 BGO LYSO(Ce) PWO PbF2

Density (g/cm3) 3.67 4.51 4.51 4.89 7.13 7.40 8.3 7.77

Melting Point  (ºC) 651 621 621 1280 1050 2050 1123 824

Radiation Length (cm) 2.59 1.86 1.86 2.03 1.12 1.14 0.89 0.93

Molière Radius (cm) 4.13 3.57 3.57 3.10 2.23 2.07 2.00 2.21

Interaction Length (cm) 42.9 39.3 39.3 30.7 22.8 20.9 20.7 21.0

Refractive Index a 1.85 1.79 1.95 1.50 2.15 1.82 2.20 1.82

Hygroscopicity Yes Slight Slight No No No No No

Luminescence b (nm) (at 
peak)

410 550 420
310

300
220

480 402 425
420

?

Decay Time b (ns) 245 1220 30
6

650
0.9

300 40 30
10

?

Light Yield b,c (%) 100 165 3.6
1.1

36
4.1

21 85 0.3
0.1

?

d(LY)/dT b (%/ ºC) -0.2 0.4 -1.4 -1.9
0.1

-0.9 -0.2 -2.5 ?

Experiment Crystal 
Ball

BaBar 
BELLE
BES III

KTeV (L*)
(GEM)
TAPS

L3
BELLE

KLOE-2 
SuperB
SLHC?

CMS
ALICE
PANDA

HHCAL?

a. at peak of emission;  b. up/low row: slow/fast component;  c. QE of readout device taken out.
3/18/2010 8

LYSO
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LYSO scintillation property

8

emission

transmittance

transmittance 
(higher Ce concentration)

CMS Upgrade Calorimeter Task Force Meeting at CERN

Excitation, Emission, Transmission

Black Dots: Theoretical limit of transmittance: NIM A333 (1993) 422

LSO

LYSO

LSO/LYSO has Self-absorption, so are LaBr3 and LaCl3

LaBr3

LaCl3

3/18/2010 9

excitation
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Radiation hardness
• ~10% loss of light after 1 Mrad (=10 kGy, ~50x expected dose in Mu2e) 
γ-ray irradiation.
✦ slow recovery at room temperature;
✦ can be cured by thermal annealing at 300℃ for 10 hours.
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Figure 8. The spectra of 0.511 MeV γ-rays from a 22Na source, measured by a Hamamatsu
R1306 PMT (Left) and two Hamamatsu S8664-55 APDs (Right), with a coincidence trigger for
four long LSO and LYSO samples from CTI, CPI, Saint-Gobain and SIPAT.
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Figure 9. Left: The longitudinal transmittance spectra are shown as a function of wavelength
in an expanded scale together with the photo-luminescence spectra for four LSO and LYSO
samples before and after the irradiation with integrated doses of 102, 104 and 106 rad. Right:
The normalized light output is shown as a function of the integration dose for four long LSO
and LYSO samples with PMT (top) and APD (bottom) as the readout devices.
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[R.-Y. Zhu, et al, 2011 J. Phys.: Conf. Ser. 293 012004]

Tests on 25×25×200 mm3 crystals
Photo-luminescence weighted longitudinal transmittance

CHEN et al.: GAMMA-RAY INDUCED RADIATION DAMAGE 1321

Fig. 3. Values of the longitudinal transmittance at 420 nm are shown as a func-
tion of time for samples CTI-LSO, CPI-LYSO and SG-LYSO after a 96 hour
irradiation at 8,500 rad/h.

very slow for the LSO and LYSO samples under the room tem-
perature, indicating that the radiation damage effect in LSO and
LYSO crystals is not dose rate dependent [14].

C. Thermal Annealing and Transmittance Damage

All samples were annealed at 300 for 10 hours before
going through the series of irradiations. This thermal annealing
was found to be effective in eliminating the radiation induced
absorption in the LSO and LYSO samples. Fig. 4 shows three
longitudinal transmittance spectra measured for the CTI-LSO
sample after the 1st thermal annealing at 300 , after the ir-
radiations with cumulated -ray dose of rad and after the
2nd thermal annealing at 300 . While the overall amplitude of
the radiation damage in the longitudinal transmittance is small
(about 10% at 420 nm) it was completely eliminated after the
2nd thermal annealing.

After thermal annealing, samples were irradiated step by
step to integrated doses of 10, , , , and rad,
as shown in Table I. Integrated dose is used to present the level
of the radiation applied in this study since radiation damage
in LSO and LYSO crystals is not dose rate dependent. Fig. 5
shows an expanded view of the longitudinal transmittance
spectra for these samples before and after several steps of the

-ray irradiations with integrated dose of , and rad.
Also shown in the figure is the corresponding numerical values
of the photo-luminescence weighted longitudinal transmittance
(EWLT), which is defined as

(1)

Fig. 4. The longitudinal transmittance spectra are shown as a function of wave-
length for CTI-LSO sample measured after the first 300 thermal annealing,
after an irradiation with integrated dose of rad and after the second 300
thermal annealing.

Fig. 5. The transmittance spectra are shown as a function of wavelength in
an expanded scale together with the photo-luminescence spectra for CTI-LSO,
CPI-LYSO and SG-LYSO samples before and after the irradiations with inte-
grated doses of , and rad.

A continuous degradation of transmittance was observed. This
observation differs from our previous observation [1], where
a slight increase of transmittance was observed during a low
dose irradiation. That increase may be caused by the existing
residual absorption in these samples before the irradiations since
they were not thermally annealed before the irradiations. These
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Detector layout

10

muon stopping target

Proton Absorber

Tracker EM Calorimeter

Muon Absorber
2T 1T

muons
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Baseline design
• Two disks consist of ~2000 haxagonal (or square) LYSO crystals.

✦ Separation ~70 cm.
✦ Inner/outer radii: 36-39/64-67 cm.

• 3×3×11 cm3 each crystal.

• Two 1×1 cm2 APDs/crystal

• Many other issues to be resolved:
✦ Wrapping, and structure (if any)
✦ Linearization of response
✦ Photosensor mounting
✦ Preamp/HV config

11

Detailed Geant4 simulation 
down to optical photon 
transport is underway
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Energy resolution in simulation
• Geant4 simulation (signal electrons), including muon decay-in-orbit, 

neutron background, but not light collection, non-linearity, electronic 
noise, ...

12

20-ns integration time 100-ns integration time

(Energy loss (+pileup) in calorimeter alone)

σ ≃ 1.5 MeV
FWHM/2.35 ≃ 1.7 MeV          Not very sensitive to background pile-up

very preliminary

very preliminary

More studies with better estimated background and additional noise contributions are ongoing.
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Particle identification
• Reject cosmic-induced background

• Greatly improve muon rejection from tracker-only algorithm.
✦ Tracker only:  𝜖e~92%, muon rejection ~5.
✦ Calorimeter+Tracker: 𝜖e>99%, muon rejection ~102-103.
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Calorimeter based trigger
• Trigger events with a cluster energy above a certain threshold.

14

• @64 MeV (for example), 
✦ efficiency ~91%
✦ reduce the DIO rate to <10 kHz.

• Efficiency/rejection depends on energy resolution.

Shown are simulations with “vanes” configuration.
Will repeat the study with “disks” configuration
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Photosensors
• Large area APD (10×10 mm2). Two/crystal.

✦ functional in 1-T field
✦ fast/proportional response
✦ gain from 50 to 1000
✦ large collection and quantum efficiencies.

• New preamplifier design, <50 keV noise, 
integrated HV linear regulator on board.

• Alternative: Large Area SIPM

15

Hamamatsu S8664-110
HV ~ 400 V
G ~ 50 - 300
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Beam test at MAMI

• An inner matrix of 9 LYSO crystals
✦ LYSO from SICCAS High     

Technology Co. (Shanghai) 
✦ 20×20×150 mm3

✦ readout by 10×10 mm2 APDs 
Hamamatsu S8664-1010

• An outer matrix of 8 PbWO4
✦ for leakage recovery
✦ 30×30 (or 40×40) ×130 mm3

✦ readout by 1 inch PMTs.

• Independently wrapped with         
300 µm reflecting Tyvek + black 
tape.

16

we have built, in February 2011, a larger size matrix prototype to
test it with a clean tagged photon beam at MAMI (Mainz
Microtron) facility in Germany. This new crystal matrix prototype
has a transverse dimension corresponding to ! 2.8 RM and a
longitudinal dimension of 13–15 cm (! 11212X0). The prototype
consists of an inner matrix of nine LYSO crystals by SICCAS
(2"2"15 cm3) readout by APDs S8664 (10"10 mm2 active
area) produced by Hamamatsu and an outer matrix for leakage
recovery, composed by eight PbWO4 crystal sectors readout by
standard Hamamatsu Bialcali 1 in. diameter photo multipliers, as
shown in Fig. 3. The realization of such a prototype has been a
joint work with the KLOE-2 Collaboration.

Each crystal is first wrapped with a 300 mm thick Tyvek sheet,
which diffusely reflects the scintillation light escaping the crystal
with high efficiency, and helps to increase the light collection of
photosensors. These are in optical contact to the rear surface of
the crystal by means of BICRON grease. The LYSO crystals are then
wrapped with 1 mm thick black tape, to avoid cross-talk with the
outer matrix which has a much higher photo sensor gain (due to
the PMTs readout). The entire matrix is installed in a light

shielded box, with the front layer made of Copper and the lateral
and back layers made of Aluminium.

In the A2 test beam area, the electron beam is converted to an
intense photon beam through bremsstrahlung in a thin metal foil
radiator. The scattered electrons in this process are momentum
analyzed by plastic scintillator spectrometer which provides a
determination of the energy of the associated bremsstrahlung
photon with a resolution of few per mil. The tagged photon beam
is excellent, having DpðFWHMÞ ¼ 1 MeV and a cross-section on
the calorimeter front face of about 8 mm diameter. The calori-
meter prototype was installed over a movable table allowing to
adjust the position of the matrix with respect to the photon beam.

We have triggered using a coincidence between the OR signal
of the inner matrix and the signal from the beam tagging system.
We have acquired data with a Camac system, reading out LeCroy
ADC and TDC boards with a sensitivity of 250 fC/count and
100 ps/count, respectively. The data acquisition was writing on
disk at ! 10 Hz. The temperature of the experimental hall
(! 24 1C) was continuously monitored with thermo-sensors
attached to the electronics and preamplifiers and was stable at
the level of 7 0.5 1C.

The FEE has been developed by a collaboration of Laboratori
Nazionali of Frascati and the University of Rome ‘‘Tor Vergata’’.
This consists in an amplifier first stage, composed by a MAR8A þ
discrete amplifier by Microcircuits with a gain of ! 20, and a
second stage buffer, made of a LMH6559 high-speed buffer by
National Semiconductor. In order to minimize the gain variation
we have also developed a new High Voltage board. This shows a
stability of 20–30 mV, corresponding to dG=G! 1%. Moreover it
can be remotely adjusted and monitored with a sensibility of
30 mV.

We have taken data for four days in March 2011. We used the
photon beam at 10 kHz in the energy range from 30 to 300 MeV.
About 10,000 events were collected in each run. For most of the
runs, the photon beam was impinging at the center of the inner
crystal matrix. The same photon energy (100 MeV) was used for
the position dependance scan. Pedestal and test pulse runs were
performed once every few hours during the beam time to check
the system stability. Cosmic Rays (CR) were used for the calibra-
tion. We took CR calibration data during the off-beam periods by
means of an external trigger provided by a coincidence of a pair of
scintillator counters. The average number of collected CR events
per run was about 100,000 and was taken in about 10 h.

We have calibrated the calorimeter response of each channel
with minimum ionizing particles (MIPs), crossing the calorimeter
orthogonally to the crystal axis. The energy scale has been set
looking at the linearity in response with the photon beam, and
corresponds to 18.8 MeV per MIP consistently with standard LYSO
properties. We get sped of 3 (2) counts and a MIP peak around 120
(250) counts for the inner (external) crystals. The statistical
precision on the peak determination is ! 2%.

The total response of the detector is then defined as
QTOT ¼

P
iðQi'PiÞ ( 1=Mi, where Qi, Pi and Mi are the collected

charge, the pedestal and the minimum ionization peak of the ith
channel, respectively.

To understand the different terms contributing to the energy
resolution, we have carried out a full simulation of the prototype
based on Geant-4. Fig. 4 shows a comparison between experi-
mental data (black circles) and MC results (red distributions), for
the energy deposit in the whole matrix, normalized to the beam
energy at 100 MeV. We added a 4% gaussian smearing for each
channel in MC to reproduce data. We obtained a reasonable data-
MC agreement.

We have selected different beam energy values and fitted the
corresponding energy distributions with a logarithmic gaussian
function [6], in order to quote the energy response and resolution.

Fig. 2. DIO rate on calorimeter faces as a function of the energy thresholds, for
different energy resolution values.

Fig. 3. Layout of the crystal matrix prototype tested at Mami, in March 2011. The
prototype consists of an inner matrix of nine LYSO crystals by SICCAS
(20"20"150 mm 3) readout by APDs S8664 (10" 10 mm2 produced by Hama-
matsu) and an outer matrix for leakage recovery, composed of eight PbWO4

sectors readout by standard Hamamatsu Bialcali PMTs with 1 in. diameter.

J. Budagov et al. / Nuclear Instruments and Methods in Physics Research A 718 (2013) 56–5958

 Test Beam (2011) at MAMI (Mainz Microtron, Germany) with a 
clean tagged photon.
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Beam test prototype

17



Chih-hsiang ChengLYSO@DPF2013

Beam test results

18

Energy scan from 40 to 300 MeV

Large non-uniform response 
along the length of crystals 
causes the discrepancy between 
data and MC

[ΝΙΜ A718, 56 (2013)]
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Emission and transmission test stand
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Source test stand
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2"

Setup 

Scan for longitudinal uniformity done with 7 points (2 cm distance), using  
both crystal orientations and PM readout 

! Old LYSO crystal (2×2×15) cm3 from SICCAS to study uniformity  

!  Test of new (3×3×13) cm3 crystals 
Mu2e"EMC"mee)ng,,"16"July"2013"

!  Test"of""crystals"using"a"22Na"source"
"
!  Tag/trigger"to"the"second"511"keV"

photon""with"a"“finger”"made"by""a"
(3×3×15)"mm3""LYSO"crystal"and"a""

"""""(3×3)"mm2""MPPC"
"
!  "Digi)za)on"performed"using"a"CAEN"""
""""""DT5751"10"bit"1"GS/s"
"
!  Test"done"in"a"cleanVroom""

! Manually"movable"source"

A"LYSO"Crystal"Calorimeter"for"
the"Mu2e"Experiment"

Fabio"Happacher"
On"behalf"of"the"Mu2e"Collabora?on"

F."Happacher""A""CHEF"2013" 1"

Central crystal 

Example of spectrum for  C5, tyvek just along the crystal length  

12"

22Na → γγ"peak Ham."(6×6)"mm2"SiPM"readout"

Ham."1398"PM"

Hamamatsu 1398 PM

22Na➝γγ prak

Will build an automatic system to scan 
each crystals, and devise a strategy to 
improve light response uniformity:
Roughening surfaces, black paint, or tape...

crystal
Photosensor
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Source calibration system
• Irradiated fluorine:

✦ crystal-by-crystal absolute calibration; 
performed once (~30 min.) per ~week.

21
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Figure 66. A typical pulse-height spectrum
recorded with the radioactive source to calibrate
the single-crystal energy scale of the EMC. The
spectrum shows the primary 6.13 MeV peak and
two associated escape peaks at 5.62 MeV and
5.11 MeV. The solid line represents a fit to the
total spectrum, the dotted lines indicate the con-
tributions from the three individual photon spec-
tra.

to a systematic uncertainty of less than 0.1%.
This calibration is performed weekly.

At high energies, single crystal calibration
is performed with a pure sample of Bhabha
events [88]. As a function of the polar angle of the
e±, the deposited cluster energy is constrained to
equal the prediction of a GEANT-based Monte
Carlo simulation [89]. For a large number of en-
ergy clusters, a set of simultaneous linear equa-
tions relates the measured to the expected energy
and thus permits the determination of a gain con-
stant for each crystal. In a 12-hour run at a lu-
minosity of 3 × 1033 cm−2s−1 some 200 e± per
crystal can be accumulated, leading to a statisti-
cal error of 0.35%. This calibration has been per-
formed about once per month, and will be fully
automated in the future.

9.4.2. Cluster Energy Correction
The correction for energy loss due to shower

leakage and absorption is performed as a function
of cluster energy and polar angle. At low energy
(E < 0.8 GeV), it is derived from π0 decays [90].
The true energy of the photon is expressed as a
product of the measured deposited energy and a
correction function which depends on lnE and
cos θ. The algorithm constrains the two-photon
mass to the nominal π0 mass and iteratively finds
the coefficients of the correction function. The
typical corrections are of order 6 ± 1%. The un-
certainty in the correction is due to systematic
uncertainties in the background estimation and
the fitting technique.

At higher energy (0.8 < E < 9 GeV) the correc-
tion is estimated from single-photon Monte Carlo
simulations. A second technique using radiative
Bhabha events [91] is being developed. The beam
energy and the precise track momenta of the e+

and e−, together with the direction of the radia-
tive photon, are used to fit the photon energy.
This fitted value is compared to the measured
photon energy to extract correction coefficients,
again as a function of lnE and cos θ.

9.5. Monitoring
9.5.1. Environmental Monitoring

The temperature is monitored by 256 thermal
sensors that are distributed over the calorimeter,
and has been maintained at 20 ± 0.5◦C. Dry ni-
trogen is circulated throughout the detector to
stabilize the relative humidity at 1 ± 0.5%.

9.5.2. Light-Pulser System
The light response of the individual crystals is

measured daily using a light-pulser system [92,
93]. Spectrally filtered light from a xenon flash
lamp is transmitted through optical fibers to the
rear of each crystal. The light pulse is similar in
spectrum, rise-time and shape to the scintillation
light in the CsI(Tl) crystals. The pulses are var-
ied in intensity by neutral-density filters, allowing
a precise measurement of the linearity of light col-
lection, conversion to charge, amplification, and
digitization. The intensity is monitored pulse-to-
pulse by comparison to a reference system with
two radioactive sources, 241Am and 148Gd, that
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system, shown schematically in Figure 10.31, is referred to as the “source calibration 
(system)”. 

 
 
 

 
 
 
 
 
 
 
Figure 10.30. Radiation dose for a single microbunch distributed over a calorimeter vane due to 
the beam flash (left) and activity in the muon stopping target (right). 

Figure 10.31. Schematic of the source calibration system. 
 

The decay chain producing the calibration photon line is shown below: 

 

! 

19F + n" 16N +#
16N " 16O* + $ (%1/ 2 = 7 s)

16O* " 16O+ & (6.13MeV )

BABAR
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SolidWorks drawings
SolidWorks view of the system 

schematic

Design for Mu2e is ongoing.

*In addition to calibrations using cosmic rays, DIO, Michel edge, 
and/or  π+➝e+ν mono-energetic positron.
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Laser calibration system
• Monitor the variation of the crystal optical transmittance and APD 

gains. Similar to the one used for CMS.
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Design and tests of the system (light 
pulser, fibers, photosensors, etc.) are 
ongoing.David Hitlin                Mu2e Collaboration Meeting           July 18, 2013 24

Light pulser green laser diode w/diffusing sphere
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A"LYSO"Crystal"Calorimeter"for"
the"Mu2e"Experiment"

Fabio"Happacher"
On"behalf"of"the"Mu2e"Collabora?on"

F."Happacher""A""CHEF"2013" 1"

Prototype under development; will test
for the next test beam.
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Conclusions and future work
• We have established the baseline design of the Mu2e calorimeter: 

✦ Two disks of LYSO crystals + APD photosensors
✦ Hexagonal cross-section crystals

• Exact geometry (radii, separation, location),                                               
mechanics, photosensors, readout, to be                                            
optimized.

• Next beam test with 5×5 array of 3×3×13 cm3                                          
crystals (@LNF then @MAMI in 2014).
✦ better shower containment;
✦ reduce/eliminate structure between crystals;
✦ better care of light response uniformity;
✦ new electronics/digitizer.
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